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Abstract
We discuss the dark phases of the Next-to-2-Higgs Doublet model. The model is an
extension of the Standard Model with an extra doublet and an extra singlet that has four
distinct CP-conserving phases, three of which provide dark matter candidates. We discuss in
detail the vacuum structure of the different phases and the issue of stability at tree-level of
each phase. Taking into account the most relevant experimental and theoretical constraints,
we found that there are combinations of measurements at the Large Hadron Collider that
could single out a specific phase. The measurement of h125 → γγ together with the discovery
of a new scalar with specific rates to τ+τ− or γγ could exclude some phases and point to a
specific phase.
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1 Introduction
After the discovery of the Higgs boson [1,2] a large number of extensions of the Standard Model
(SM) were explored at the Large Hadron Collider (LHC) by searching both for new particles
and for deviations in the Higgs couplings to the remaining SM particles. However, not only are
there no direct hints of new physics so far but all Higgs rates are in very good agreement with
the SM predictions. Still, there is clear evidence of new physics, and in particular the existence
of Dark Matter (DM) which will be the subject of the particular extension of the SM to be
discussed in this work.
The existence of DM manifests itself in gravitational effects to baryon acoustic oscillations
in the cosmic microwave background radiation [3], which has shown that the relic abundance of
DM in the Universe is about 26% [4–6]. Although there is no indication about the nature of DM,
it is clear that a particle with a mass around the scale of electroweak symmetry breaking and
an interaction cross section with the SM particles of the order of the weak force processes can
account for the observed relic abundance as well as for structure formation. These candidates
are called Weakly Interacting Massive Particles (WIMPs).
When considering extensions of the SM with a DM candidate one needs to take into account
all the presently available constraints. In order to have an SM-like Higgs boson of 125 GeV and
a scalar DM candidate, the simplest extension of the SM is just the addition of a singlet field
either real or complex [7–9]. The additional singlet is neutral with respect to the SM gauge
groups and DM is stabilised by a symmetry. The next simplest extension that ensures ρ = 1 at
tree level is the popular Inert Doublet Model (IDM) [10–13], a 2-Higgs Doublet Model where
only one of the doublets acquires a vacuum expectation value (VEV). The dark doublet (and
the dark Higgs) is protected by a Z2 symmetry. The new dark sector contains two charged and
two neutral fields, the lightest of which is the dark matter candidate.
The Next-to-2-Higgs-Doublet Model (N2HDM) [14–17], is an extension of the scalar sector
of the SM by one doublet and one real singlet. In the particular version of doublet plus singlet
extension that we will be studying, two Z2 symmetries are enforced. Depending on the pattern
of symmetry breaking one ends up with a model with no dark matter candidates, or a model
with one or two dark matter particles. When unbroken, one of the Z2 symmetries stabilises the
additional doublet, while the other stabilises the additional singlet. Therefore, the model has
four distinct phases: one with no DM, one with a singlet-like DM particle, one with a doublet-
like DM candidate and finally one with two DM candidates. We call the phase with singlet-like
DM phase [15] the Dark Singlet Phase (DSP), the doublet-like phase is called Dark Doublet
Phase (DDP) and the SM-like phase with the two unbroken Z2 symmetries is designated Full
Dark Matter Phase (FDP).
In this work, we compare the three N2HDM dark phases and wherever relevant we also
include the Broken Phase (BP), where the vacuum breaks both Z2 symmetries and there is
no dark matter candidate. The DSP and DDP have additional scalar particles that mix with
the CP-even scalar from the SM doublet giving rise to new final states. We will discuss how
to phenomenologically distinguish these two phases. The comparison between the three phases
(and between each of them and the SM) can only be performed in the 125 GeV Higgs (h125)
decays and couplings to the remaining SM particles. This is accomplished by studying the decay
h125 → γγ where an extra loop of charged Higgs scalars — either from the dark or from the
visible phases — contributes.
The structure of the paper is as follows. We start by defining and describing the model and
its phases in section 2. In section 3 we study the coexistence of minima of different phases,
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and analyse the vacuum structure of the model. In the following section 4 we present the
experimental and theoretical constraints imposed on the model. In section 5 we discuss how
the different phases can be probed at the Large Hadron Collider and add a brief discussion on
future colliders. Finally we conclude in section 6. The relations between the physical quantities
at each phase and the input parameters of the model are shown in the appendices.
2 The N2HDM
The N2HDM [14–17] is an extension of the SM, where a complex SU(2)L doublet Φ2 with
hypercharge Y = +1 and a real SU(2)L singlet ΦS with Y = 0 are added to the SM field
content. In this work we will consider the most general renormalisable scalar potential invariant
under two Z2 symmetries: the first is
Z(1)2 : Φ1 → Φ1, Φ2 → −Φ2, ΦS → ΦS , (1)
while the second is
Z(2)2 : Φ1 → Φ1, Φ2 → Φ2, ΦS → −ΦS . (2)
Both symmetries are exact and — if not spontaneously broken — will give rise to DM candidates
after electroweak symmetry breaking (EWSB). The potential reads
VScalar = m
2
11Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 +
λ1
2
(
Φ†1Φ1
)2
+
λ2
2
(
Φ†2Φ2
)2
+ λ3Φ
†
1Φ1Φ
†
2Φ2 + λ4Φ
†
1Φ2Φ
†
2Φ1 +
λ5
2
[(
Φ†1Φ2
)2
+ h.c.
]
(3)
+
1
2
m2sΦ
2
S +
λ6
8
Φ4S +
λ7
2
Φ†1Φ1Φ
2
S +
λ8
2
Φ†2Φ2Φ
2
S ,
where all 11 free parameters of the Lagrangian,
m211 , m
2
22 , m
2
S , λ1−8 , (4)
are real, or can be made to be so via a trivial rephasing of one of the doublets. Note that for
the discrete symmetries to be exact we introduce no soft breaking terms in the potential. In
particular, the term m212(Φ
†
1Φ2+h.c.) that would softly break the Z
(1) symmetry is absent. This
term is often used in many versions of the 2HDM and N2HDM to allow for a decoupling limit,
with the introduction of the new mass scale m212. After EWSB, the fields can be parametrised in
terms of the charged complex fields φ+i (i ∈ {1, 2}), the neutral CP-even fields ρI (I ∈ {1, 2, s})
and the neutral CP-odd fields ηi as follows
Φ1 =
 φ+11√
2
(v1 + ρ1 + i η1)
 , Φ2 =
 φ+21√
2
(v2 + ρ2 + i η2)
 , ΦS = vs + ρs . (5)
Requiring the VEVs
〈Φi〉 =
(
0
vi√
2
)
and 〈ΦS〉 = vs , (6)
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which break the SU(2)L × U(1)Y down to U(1)EM , and possibly also the symmetries, to be
solutions of the stationarity equations leads to the following three conditions,〈
dV
dv1
〉
= 0 ⇒ −m211 =
1
2
(
v21λ1 + v
2
2 (λ3 + λ4 + λ5) + v
2
sλ7
)
, (7a)〈
dV
dv2
〉
= 0 ⇒ −m222 =
1
2
(
v21 (λ3 + λ4 + λ5) + v
2
2λ2 + v
2
sλ8
)
, (7b)〈
dV
dvs
〉
= 0 ⇒ −m2s =
1
2
(
v21λ7 + v
2
2λ8 + v
2
sλ6
)
. (7c)
If we consider only minima that are CP-conserving and non-charge breaking, we can distinguish
four cases:
• The Broken Phase (BP) — In this phase both doublets and the singlet acquire VEVs
and consequently both Z2 symmetries are spontaneously broken by EWSB. There are no
dark matter candidates, and the scalar particle spectrum consists of three CP-even, one
CP-odd and two charged scalars. This phase, with an extra soft breaking term for Z(1)2 ,
has been thoroughly studied in [17].
• The Dark Doublet Phase (DDP) — This is the case where only one of the doublets
(either Φ1 or Φ2) and the singlet acquire VEVs. This phase is the N2HDM equivalent to
the Inert Doublet Model of the 2HDM [10–13]. The Z(1)2 symmetry is exactly preserved
while Z(2)2 is spontaneously broken. There are four dark sector particles — two neutral and
a pair of charged scalars — and one extra CP-even scalar that mixes with the CP-even
component from the doublet which acquires a VEV.
• The Dark Singlet Phase (DSP) — In this phase both doublets but not the singlet
acquire VEVs. Hence, Z(2)2 remains unbroken and the dark matter candidate has its origin
in the singlet field. This phase is essentially a 2HDM plus a dark real singlet [7–9]. The
model has two CP-even, one CP-odd and a pair of charged scalars in the visible sector
plus a singlet-like DM particle.
• The Fully Dark Phase (FDP) — Finally, we will consider a phase where only one
doublet acquires a VEV. This means that both Z2 symmetries remain unbroken and only
one doublet couples to SM fields. Therefore, this model contains just one SM-like Higgs
boson with additional couplings to dark particles. No new non-dark scalar is present and
two distinct darkness quantum numbers are separately conserved.
We want the Lagrangian of the theory for all four phases to be exactly the same before
EWSB. The kinetic terms are the same because they are only determined by the SU(2)L and
U(1)Y quantum numbers. As for the Yukawa Lagrangian, the singlet field does not couple to
the fermions and we have to choose a Yukawa sector of type I, where only one doublet couples
to the fermions in order to be able to compare all four phases based on the same Lagrangian.
The Yukawa Lagrangian takes the form,
LYukawa = −Q¯TLYU Φ˜fUR − Q¯TLYDΦfDR − L¯TLYLΦfER + h.c. , (8)
where Φf is the doublet that couples to fermions, Y are three-dimensional Yukawa coupling
matrices in flavour space, the left-handed fermions are grouped into the doublets
QL =
(
UL
DL
)
=
(
(uL, cL, tL)
T
(dL, sL, bL)
T
)
, LL =
(
NL
EL
)
=
(
(νe,L, νµ,L, ντ,L)
T
(eL, µL, τL)
T
)
, (9)
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and the right-handed fermion into the singlets
UR = (uR, cR, tR)
T , DR = (dR, sR, bR)
T , ER = (eR, µR, τR)
T . (10)
and Φ˜f stands for ijΦ
∗
f , with ij given by
ij =
(
0 1
−1 0
)
. (11)
We will now describe the four phases in detail.
2.1 The Broken Phase (BP)
In the broken phase, both the doublets and the singlet acquire VEVs that break both Z(1)2 and
Z(2)2 . Since the model was discussed in great detail in [17], we will just very briefly review the
features of the model needed for this study.
The charged and pseudoscalar mass matrices are diagonalised via the rotation matrix
Rβ =
(
cβ sβ
−sβ cβ
)
, (12)
with tβ =
v2
v1
. Here and from now on we use the abbreviations sinx ≡ sx, cosx ≡ cx and
tanx ≡ tx. This yields the massless charged and neutral would-be Goldstone bosons G± and
G0, the charged Higgs mass eigenstates H± and the pseudoscalar mass eigenstate A. There are
three CP-even gauge eigenstates (ρ1, ρ2, ρS), two from the doublets and one from the singlet.
The corresponding mass eigenstates H1, H2 and H3, are obtained via the orthogonal mixing
matrix R parametrised as
R =
 cα1cα2 sα1cα2 sα2−(cα1sα2sα3 + sα1cα3) cα1cα3 − sα1sα2sα3 cα2sα3
−cα1sα2cα3 + sα1sα3 −(cα1sα3 + sα1sα2cα3) cα2cα3
 (13)
in terms of the mixing angles α1 to α3, chosen to be in the range
−pi
2
≤ α1,2,3 < pi
2
. (14)
The matrix R is defined is such a way that H1H2
H3
 = R
 ρ1ρ2
ρS
 (15)
diagonalises the scalar mass matrix M2scalar,
RM2scalarR
T = diag(m2H1 ,m
2
H2 ,m
2
H3) . (16)
We take, by convention,
mH1 ≤ mH2 ≤ mH3 . (17)
4
c(HiV V )
H1 cα2cβ−α1
H2 −cβ−α1sα2sα3 + cα3sβ−α1
H3 −cα3cβ−α1sα2 − sα3sβ−α1
Table 1: The effective couplings c(HiV V ) of the neutral CP-even N2HDM Higgs bosons Hi to the massive gauge
bosons V = W,Z.
Type I
c(Hiff) u d l
H1 (cα2sα1)/sβ (cα2sα1)/sβ (cα2sα1)/sβ
H2 (cα1cα3 − sα1sα2sα3)/sβ (cα1cα3 − sα1sα2sα3)/sβ (cα1cα3 − sα1sα2sα3)/sβ
H3 −(cα1sα3 + cα3sα1sα2)/sβ −(cα1sα3 + cα3sα1sα2)/sβ −(cα1sα3 + cα3sα1sα2)/sβ
Table 2: The effective Yukawa couplings c(Hiff) of the N2HDM Higgs bosons Hi, as defined in Eq. (20) for Type
I.
In the broken phase, the 11 parameters of the N2HDM, Eq. (4), are expressed through the input
parameters
α1 , α2 , α3 , tβ , v , vS , mH1,2,3 , mA , mH± . (18)
The Higgs couplings Hi (i = 1, 2, 3) to the massive gauge bosons V ≡W,Z are written as
i gµν c(HiV V ) gHSMV V , (19)
where gHSMV V is the SM Higgs coupling to the massive gauge bosons, and the coupling modifiers
c(HiV V ) are presented in Table 1. As previously discussed the four phases of the N2HDM can
only be compared for the Yukawa Type I. The Yukawa Lagrangian reads
LY = −
3∑
i=1
mf
v
c(Hiff) ψ¯fψfHi (20)
where the effective coupling factors c(Hiff) are shown in Table 2. The remaining couplings are
discussed in [17].
2.2 The Dark Doublet Phase (DDP)
In the DDP only one of the two doublets and the singlet acquire VEVs and the Z(1)2 symmetry
forces all the fields in the other doublet to conserve the darkness parity. The lightest of these
dark scalars is a DM candidate.
Assuming that Φ1 is the SM-like doublet, the vacuum configuration in the DDP is given by
〈Φ1〉 = 1√
2
(
0
v
)
, 〈Φ2〉 =
(
0
0
)
, 〈ΦS〉 = vs , (21)
5
where v ≈ 246 GeV is the electroweak VEV and vs 6= 0 is the singlet VEV. The difference
between the non-dark sector and the SM is that the singlet ρs will mix with the CP-even ρ1.
The mass eigenstates Hi (i = 1, 2, 3) are obtained from (ρ1, ρ2, ρS) via the rotation matrix
R =
 cosα 0 sinα− sinα 0 cosα
0 1 0
 . (22)
By convention, we order the visible Hi by ascending mass
mH1 ≤ mH2 (23)
and choose the third mass eigenstate HD ≡ H3 = ρS . There is no mixing between the remaining
components of the two doublets and therefore
G0 = η1 , AD = η2 , (24)
G± = φ±1 , H
±
D = φ
±
2 . (25)
The Goldstone bosons are in the SM-like doublet and the dark charged and dark CP-odd particles
are in the inert doublet.1
In the DDP, the 11 parameters of the N2HDM, Eq. (4), are expressed through
v , vs , mH1 , mH2 , mHD , mAD , mH±D
, α , m222 , λ2 , λ8 . (26)
The explicit parameter transformations are given in Appendix A.
The couplings of the scalars to the remaining SM particles can be grouped into a visible
sector consisting of the two neutral CP-even fields H1 and H2 and the dark sector with the four
scalars HD, AD and H
±
D . The coupling modifiers in the visible sector are given by
c(Hi(p)) =
λ
(p)
i
λ
(p)
SM
= Ri1 (27)
where Hi (i = 1, 2) and p stands for a pair of SM particles, provided that there is a corresponding
coupling in the SM. λ stands for the Feynman rule of the corresponding vertex and the division
by λSM is taken to cancel identical tensor structures. Because this visible sector is just the
extension of the SM by a real singlet the following sum rules hold:
2∑
i=1
c2(Hif¯f) =
2∑
i=1
c2(HiV V ) = 1 . (28)
Finally no FCNC occur at tree-level because only the first doublet couples to fermions.
Due to the unbroken Z(1)2 symmetry the dark scalars H
±
D , HD and AD do not couple to
either pairs of fermion or pairs of gauge bosons. However — because of the doublet nature of
Φ2 — there are couplings involving two dark scalars and one vector boson in addition to the
triple-Higgs couplings HiHDHD, HiADAD and HiH
±
DH
∓
D that link the dark and the visible
1Note that just like in the IDM there is no way to tell which of HD and AD is the CP-even and which is the
CP-odd state. In fact, since both HD and AD do not couple to fermions, it is just the HD AD Z coupling that
tells us they have opposite CP. Regardless, we will call HD CP-even and AD CP-odd throughout this paper for
simplicity.
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sectors. The trilinear Higgs gauge couplings are dependent on the momenta of the scalars and
there is no SM equivalent with which they could be normalised. Adopting the convention in
which the momentum pHD of HD is incoming, and the momenta pAD and pH±D
of the scalars AD
or H±D are outgoing, we get the following Feynman rules
λµ(HD, AD, Z) = −
√
g2 + g′2
2
(pAD + pHD)
µ , (29)
λµ(HD, H
±
D ,W
∓) = ∓ ig
2
(
pH±D
+ pHD
)µ
. (30)
These, and the Feynman rules for the vertices ADH
±
DW
∓, H±DH
∓
DZ and H
±
DH
∓
Dγ are the same
as in the 2HDM and can be found in Ref. [18]. The triple Higgs couplings are given in appendix A.
2.3 The Dark Singlet Phase (DSP)
In the DSP only the doublets acquire VEVs which means that the Z(2)2 symmetry is left unbroken.
In turn, only the CP-even fields ρ1 and ρ2 mix and ρS is the DM candidate. Now, the vacuum
configuration is
〈Φ1〉 = 1√
2
(
0
v1
)
, 〈Φ2〉 = 1√
2
(
0
v2
)
, 〈ΦS〉 = 0 , (31)
where v1 = v cosβ and v2 = v sinβ and v is the electroweak VEV. To rotate from the gauge
eigenstates (ρ1, ρ2, ρS) to the mass eigenstates we define a rotation matrix compatible with the
usual 2HDM definition,
R =
− sinα cosα 0cosα sinα 0
0 0 1
 , (32)
where we use the mass ordering
mH1 ≤ mH2 . (33)
H3 = ρS is the dark scalar HD. The CP-odd and charged eigenstates are obtained exactly like
in the 2HDM case, that is,
G0 = η1 cosβ + η2 sinβ , A = −η1 sinβ + η2 cosβ , (34)
G± = φ±1 cosβ + φ
±
2 sinβ , H
± = −φ±1 sinβ + φ±2 cosβ . (35)
In the DSP, the 11 parameters of the N2HDM, Eq. (4), are expressed in terms of the input
parameters as
v , tanβ , mH1 , mH2 , mHD , mA , mH± , α , λ6 , λ7 , λ8 ,
and the explicit transformation of the parameters can be found in Appendix B.
Regarding the Higgs couplings, the singlet field ρS does not couple to SM particles nor does
it mix with the remaining CP-even scalar fields ρ1 and ρ2. Hence the H1 and H2 couplings to the
SM particles are just the 2HDM Type I ones and can be found in Table 3. The only additional
7
c(Hif¯f) c(HiV V )
H1 cosα/ sinβ − sin (α− β)
H2 sinα/ sinβ cos (α− β)
Table 3: Yukawa and gauge boson coupling modifiers for the CP-even Higgs bosons Hi (i = 1, 2) in the DSP.
couplings are the triple-Higgs couplings HiHDHD (i = 1, 2), which allow for the decay of the
light and heavy CP-even Higgs boson into DM if kinematically possible. These interactions have
the form
g(HiHDHD) =
∂L
∂Hi∂HD∂HD
= λ7v cosβRi1 + λ8v sinβRi2 , (36)
where Rij is the ij element of the mixing matrix in Eq. (32).
2.4 The Fully Dark Phase (FDP)
In the FDP only one doublet acquires a VEV. This means that both Z(1)2 and Z
(2)
2 remain
unbroken and we have two DM candidates corresponding to the two different dark parities.
Because all other neutral fields belong to one of the dark phases, the SM-like Higgs is just the
one from the doublet with a VEV. There is no mixing in the scalar sector, such that R = 13×3
in the basis HSMHDD
HSD
 = R
ρ1ρ2
ρS
 (37)
where we denote by HDD (H
S
D) the CP-even, dark scalar from the doublet (singlet). Hence, HSM
has exactly the same couplings to SM particles as in the SM. The only difference relative to the
SM are the couplings between the Higgs and the dark matter candidates stemming from the Higgs
potential. There is, however, a difference in the SM Higgs radiative decays and in particular
HSM → γγ where the contribution from the dark charged Higgs loops can significantly change
Γ(H → γγ). In the FDP, the 11 parameters of the N2HDM, Eq. (4), are expressed through
v , mHSM , mHDD
, mHSD
, mAD , mH±D
, m222 , m
2
S , λ2 , λ6 , λ8 . (38)
3 Neutral Vacua Stability
The existence of several possible vacua, wherein different discrete symmetries of the model are
broken by the vevs, raises the possibility of coexisting minima. Namely, is it guaranteed that
once we find a given minimum – corresponding to one of the phases defined in section 2 – that
this minimum is the global one? Or may deeper neutral minima exist, raising the possibility of
tunnelling between minima? In order to answer this question one must compute the values of
the potential at different coexisting vacua and compare them. In the context of charge breaking
vacua in the N2HDM the authors of the present work analysed this possibility in Ref. [19] (see
also [20, 21]). We now undertake a similar study for coexisting neutral vacua following earlier
numerical studies in Refs. [17, 22].
To begin with, some generic considerations:
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Phase vevs
BP vB1 , v
B
2 , v
B
s
DDP vD1 , v
D
s
DSP vS1 , v
S
2
FDP vF1
Table 4: Naming convention for the vevs at stationary points of different phases. Only non-zero vevs are shown.
• In all that follows, we will always assume that two stationary points, corresponding to
different phases of the model, coexist. This means that, for some set of parameters of the
potential, we are assuming that the minimization conditions of the potential admit two
solutions, with different values for the vevs.
• Since we will be comparing the values of the potential at different phases of the model, we
must distinguish between the vevs v1, v2 and vs defined previously. Therefore, each vev
will, for the purposes of this section alone, be tagged with a superscript to specify which
neutral phase is being discussed. The vevs of the Broken Phase (BP), for instance, will be
tagged with a “B” – vB1 , v
B
2 and v
B
s – whereas those of the Dark Doublet Phase (DDP)
will carry a “D” – vD1 and v
D
s . The complete correspondence can be found in Table 4.
Likewise, scalar masses at different phases will carry the same subscript
In order to compare the values of the potential at different vacua we will deploy a bilinear
formalism similar to the one employed for the 2HDM [23–36]. In this approach, bilinears are
several gauge-invariant quantities, quadratic in the fields, and the potential, expressed in terms
of these variables, becomes a quadratic polynomial. The minimisation of the potential is greatly
simplified, and geometrical properties of these bilinears permit a detailed analysis of symmetries
of the potential and its vacuum structure. This formalism has been adapted to study the vacuum
structure of other models, such as the three-Higgs doublet model [37–39], the doublet-singlet
model [40], the N2HDM [19] and the Higgs-triplet model [41]. We now give a brief overview of
the technique: let us define vectors A and X and a matrix B as
X =
1
2

v21
v22
v1v2
v2s
 , A =

m211
m222
0
m2S
 , B =

λ1 λ3 0 λ7
λ3 λ2 0 λ8
0 0 2(λ4 + λ5) 0
λ7 λ8 0 λ6
 . (39)
The value of the potential of Eq. (3) at any of the phases (corresponding to a stationary point
(SP)) we consider in this work can be then be expressed as
VSP = A
T XSP +
1
2
XTSP BXSP , (40)
with the vector X evaluated at the stationary point, and it can easily be shown that, due to the
minimisation conditions, one has
VSP =
1
2
ATXSP = − 1
2
XTSPBXSP . (41)
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The bilinear formalism also requires that we define the following vector
V ′SP =
∂V
∂XT
= A + BXSP . (42)
In order to illustrate the technique we will now show how to apply the formalism to one of the
cases we are interested in, detailing the several steps needed to reach a formula comparing the
depth of the potential at two different phases. We will then simply present the results obtained
for all the other cases without demonstration.2
Suppose the N2HDM potential of Eq. (3) has two stationary points, corresponding to the
phases BP and DDP, defined in section 2. Then, the vectors X and V ′ have the following
expressions for each phase: for the Broken Phase,
XBP =
1
2

(vB1 )
2
(vB2 )
2
vB1 v
B
2
(vBs )
2
 , V ′BP = A + BXBP = − λ4 + λ52

(vB2 )
2
(vB1 )
2
−2vB1 vB2
0
 , (43)
and for the Dark Doublet Phase,
XDDP =
1
2

(vD1 )
2
0
0
(vDs )
2
 , V ′DDP = A + BXDDP = − (m2H±)D

0
1
0
0
 , (44)
where the charged scalar mass at the DDP extremum is given by
(m2H±)
D = m222 +
1
2
λ3 (v
D
1 )
2 +
1
2
λ8 (v
D
s )
2 . (45)
We then compute the following product between vectors:
XTBPV
′
DDP = X
T
BP A + X
T
BPBXDDP = 2VBP + X
T
BPBXDDP
= −λ4 + λ5
4
(vB2 )
2 (vD1 )
2 (46)
where in the second line we used the result from Eq. (41). Likewise, we obtain
XTDDPV
′
BP = X
T
DDP A + X
T
DDPBXBP = 2VDDP + X
T
DDPBXBP
=
1
2
(vB2 )
2 (m2H±)
D . (47)
Since the matrix B is symmetric we will have XTBPBXDDP = X
T
DDPBXBP , and therefore,
subtracting the two equations above one from another we obtain, after some intermediate steps
that we skip for brevity,
VBP − VDDP = 1
4
(vB2 )
2 (m2HD)
D , (48)
where (m2HD)
D is the squared scalar mass corresponding of the real, neutral component of the
doublet Φ2 in the DDP phase (see Appendix A). What Eq. (48) shows us is that, if the Dark
2We leave it as an exercise to the reader, contributing this way to the fight against the state of boredom that
hit particle physicists all around the globe.
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Doublet Phase is a minimum, then all of the squared scalar masses therein computed will perforce
be positive and then one will necessarily have
VBP − VDDP > 0 if DDP is a minimum. (49)
Therefore, if DDP is a minimum, any stationary point corresponding to the Broken Phase will
necessarily lie above that minimum.
Following similar steps we can obtain the relations between the BP potential value and the
remaining phases, namely
VBP − VDSP = 1
4
(vBs )
2 (m2HD)
S , (50)
VBP − VFDP = 1
4
(vB2 )
2 (m2
HDD
)F +
1
4
(vBs )
2 (m2
HSD
)F , (51)
where the m2 are physical scalar masses at the given phases. From these equations one draws
analogous conclusions to the case with coexisting BP and DDP phases.
The above does not answer the question of whether a local BP minimum could coexist with
a deeper DDP, DSP or FDP minimum, however. We will now show that any BP stationary
point will necessarily be a saddle point: in the BP phase, the real neutral components of both
doublets, ρ1 and ρ2, mix with the singlet component field ρS , leading to a 3 × 3 scalar mass
matrix for the CP-even scalars, M2scalar (see section 2). It is possible to show that there is an
alternative way of writing Eq. (48), to wit
VBP − VDDP = 1
4
(vB2 )
2 (m2HD)
D = − 1
8(λ1λ6 − λ27)
(vB2 )
2
(vB1 )
2(vBs )
2
det
(
M2scalar
)
B
, (52)
where we added the subscript “B” to the determinant to emphasise that these scalar masses are
evaluated at the BP extremum. It can be shown that, if the DDP phase is a minimum, then
one must have λ1λ6 − λ27 > 0 (to do this one must look at the DDP scalar mass matrix, see
Appendix A). Therefore, if the DDP is a minimum then VBP − VDDP > 0 and det
(
M2scalar
)
B
< 0
— which means that at least one BP squared scalar mass is negative. Since
(
M2scalar
)
B
is a matrix
with positive diagonal entries some of its minors are guaranteed to be positive — and therefore
we conclude that at least one of its eigenvalues is positive. Therefore, if the DDP is a minimum,
the broken phase BP is a saddle point. Reversely, if the BP is a minimum, then one will have
VBP − VDDP < 0 and the DDP extremum cannot be a minimum, and indeed it can be shown
to be a saddle point. Analogous expressions can be found for the comparison between the BP
and the other neutral phases. Thus one may conclude the following:
• If any of the phases DDP, DSP and FDP is a minimum, then any stationary point of the
BP lies necessarily above that minimum, and is a saddle point.
• If there is a minimum of the scalar potential in the BP, then any stationary points of the
DDP, DSP and FDP are necessarily saddle points and lie above the BP minimum.
We can easily find the relationship between the depths of the potential at DDP and DSP
phases – analogous calculations lead us to
VDSP − VDDP = 1
4
(vS2 )
2 (m2HD)
D − 1
4
(vDs )
2 (m2HD)
S , (53)
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where we see that now, even if either the DSP or the DDP, or both, are minima, there is
no assurance whatsoever that it is the deepest minimum. In fact, the above expression, from
previous 2HDM and N2HDM experience, implies that DSP and DDP minima can coexist and
either can be the deepest minimum, depending on the choice of parameters of the potential.
Finally, one can analyse the FDP phase. We already saw (Eq. (51) above) that an FDP
minimum implies that any BP extrema lies above it. When we compare FDP stationary points
with DDP and DSP ones, we obtain the following expressions,
VDDP − VFDP = 1
4
(vDs )
2 (m2
HSD
)F ,
VDSP − VFDP = 1
4
(vS2 )
2 (m2
HDD
)F , (54)
which again show that, if the FDP is a minimum, any extrema corresponding to the phases DDP
and DSP necessarily will lie above it — and as happened for the BP phase, it can be shown that
in that case the DDP and DSP phases would not be minima, but rather saddle points. Likewise,
the existence of DDP/DSP minima would imply that any FDP extremum would lie above it,
and it would be a saddle point. From Eq. (51) and these results we can therefore safely conclude
that a minimum in the FDP is deeper than any other extrema for different neutral phases.
To summarise, then:
• If a BP minimum exists it is the global minimum of the theory. All other stationary points
corresponding to different phases lie above it and are saddle points.
• Likewise for the existence of a FDP minimum — if it exists it is global and all other other
stationary points corresponding to different phases lie above it and are saddle points.
• However, minima of the DDP and DSP can coexist in the potential, and neither is guar-
anteed to be deeper than the other. If there is a minimum DDP or DSP, any BP or FDP
extrema are saddle points above it.
This last point recalls the coexistence of minima which break the same symmetries in the
2HDM [32]. Although in the DDP and DSP phases different symmetries are broken, the sym-
metry of these models after spontaneous symmetry breaking is very similar in both models, as
a Z2 symmetry is left unbroken by the vacuum in both models.
We therefore were able to find general statements about the N2HDM vacuum structure in
an analytical manner. Stability of BP and FDP phases is assured, but numerical checks need to
be performed on DDP and DSP ones in order to verify whether a minimum of these phases is
the global one. A final note about having set m212 = 0. As already discussed in [19], if m
2
12 6= 0
the result that compares the BP with the DSP no longer holds. Let us now proceed to the
numerical analysis of the several phases.
4 Parameter Scans and Constraints
All phases of the N2HDM have been implemented in the ScannerS code [42, 43] to perform
parameter scans and in the N2HDECAY code [17, 44] to calculate all Higgs branching ratios and
decay widths including state-of-the-art higher-order QCD corrections and off-shell decays. Elec-
troweak corrections, which — in contrast to the QCD corrections — cannot be taken over from
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the SM, have been consistently neglected.3 Since we only consider type I Yukawa sectors —
where the effective couplings of each visible Higgs boson to all fermions are equal — the scalar
production cross sections are easily obtained for all phases from the corresponding SM ones —
calculated using SusHi v1.6.1 [46, 47] (see also [48]).
The parameter points generated using ScannerS in each model are in agreement with the
most relevant theoretical and experimental constraints. Theoretical constraints include that the
potential is bounded from below and that perturbative unitarity holds [17]. We further require
stability of the EW vaccuum, and also allow for metastability using the numerical procedure
described in Refs. [19,49], provided the tunnelling time to a deeper minimum is larger than the
age of the Universe. The SM-like Higgs boson mass is taken to be [50]
mh125 = 125.09 GeV , (55)
and to preclude interference with other Higgs signals we force any non-dark neutral scalar to be
outside the mh125 ± 5 GeV mass window. Any of the visible CP-even Higgs bosons can be the
discovered one.
Compatibility with electroweak precision data is imposed by a 95% C.L. exclusion limit from
the electroweak precision observables S, T and U [51] using the formulae in Refs. [52, 53] and
the fit result of Ref. [54]. In the BP and DSP we also consider constraints from charged-Higgs
mediated contributions to b-physics observables [54].
Constraints from Higgs searches are taken into account using the combined 95% C.L. ex-
clusion bound constructed by HiggsBounds-5.7.1 [55–57] including LEP, Tevatron and LHC
results. The measurements of the h125 properties at the LHC are included through the use of
HiggsSignals-2.4.0 [58], where a ∆χ2 < 6.18 cut relative to the SM is used.
In the dark phases, additional constraints from DM observables are considered. The relic
density and direct detection cross sections are calculated using MicrOMEGAs-5.0.9 [59–65]. This
calculation correctly accounts for the two-component DM in the FDP. The model-predicted
relic density is required not to oversaturate the observed relic abundance [66] by more than 2σ.
Additionally, the direct detection bound by the Xenon1t experiment [67] is imposed.
Let us now understand what are the present bounds on the Higgs couplings modifiers. In
Fig. 1 we present the squared coupling modifiers to fermions and to gauge bosons of the 125 GeV
Higgs boson h125. We show the Broken Phase (left) and the Dark Singlet Phase (right). Due to
unitarity, the effective coupling to gauge bosons cannot exceed 1. We also show the differences
in the allowed parameter space when considering the different CP-even scalars as the h125. In
both phases, we see that lower values of c2(h125V V ) are allowed if h125 is not the lightest of the
Hi. This is the result of more freedom in µγγ for light spectra — in particular for light charged
Higgs masses. We will explain the origin of this behaviour below, when we discuss µγγ as a
distinguishing factor between the phases. We do not show the corresponding plots for the other
two phases since they are trivial. In the DDP the two effective couplings are always equal and
constrained to the experimentally allowed range
0.87 < c2(h125ff) = c
2(h125V V ) < 1 , (56)
while in the FDP, both couplings take exactly their SM values.
3While there exists a the code ewN2HDECAY [45] that calculates the electroweak corrections to the on-shell and
not loop-induced decays of the neutral N2HDM Higgs bosons in the broken phase it has not been adapted yet to
the dark phases discussed in this paper.
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Figure 1: Coupling modifiers relative to the SM for the couplings of h125 to fermions, c(h125f¯f), and to gauge
bosons, c(h125V V ), for the Broken Phase (left) and for the Dark Singlet Phase (right). The white triangle indicates
the SM value.
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Figure 2: Branching ratio of h125 to DM particles vs. µV V for the three DM phases.
In Fig. 2 we show the branching ratio of h125 to DM particles vs. the quantity
µV V =
σ(pp→ h125 → ZZ)
σSM(pp→ h125 → ZZ) =
σ(pp→ h125 →W+W−)
σSM(pp→ h125 →W+W−) , (57)
for the three dark phases. The maximum allowed value of the branching ratio of the Higgs
decaying to DM particles is below 10% in all phases. The present experimental bound on
BR(h125 → invisible) is about 26% [68]. This means that indirect constraints on BR(h125 →
invisible) from the Higgs rate measurements are significantly stronger than those from direct
searches for invisible decays of h125.
Let us now move to the DM constraints. The analysis of the DM phases are the main goal
of this study. Therefore, we need to make sure that the DM candidates are compatible with the
corresponding experimental constraints. The Planck space telescope [66] maps the anisotropies
in the cosmic microwave background radiation. We force our points to have a relic density of
cold dark matter within or below the 2× 1σ band of the experimental fit value
(Ωch
2)exp = 0.1200± 0.0012 . (58)
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Figure 3: Nucleon-DM cross section, σˆDM-N, as a function of the DM mass with all the constraints previously
discussed. The colour code represents the fraction of the DM relic density, where the upper limit is the central
value measured by Planck plus 2× 1σ. On the left upper plot we show the DDP and take the lightest dark sector
particle to be the dark matter candidate; on the upper right we show the DSP with the corresponding dark matter
candidate. The lower plots show the FDP: here the DM particle is either HDD or AD on the left and H
S
D on the
right; note that since the two symmetries are conserved separately there are always two dark matter candidates
in the FDP.
Hence, points with an over-abundance of DM are excluded. These models are also constrained
by DM direct detection. The most recent results are the ones from the XENON1T experiment [69]
a dual phase (liquid-gas) Xenon time projection chamber. Because no signal has been observed
so far, constraints in the plane DM-nucleon cross section vs. DM mass are obtained. Since the
XENON1T bound is obtained assuming a relic density equal to Eq. (58) and we allow for smaller
values of the relic densities, the impact of the DM abundance on direct detection measurements
is taken into account by considering a normalised scattering cross section σˆDM−N , given by
σˆDM-N = σDM-N
Ωch
2
(Ωch2)exp
, (59)
where σDM-N and Ωch
2 are the values calculated for a given parameter set.
In Fig. 3 we present the Nucleon-DM cross section, σˆDM-N, as a function of the DM mass
with all the constraints previously discussed. The colour code represents the fraction of the
DM relic density where the upper limit is the central value measured by Planck plus 2 × 1σ.
Regarding direct detection it is clear that plenty of parameter points will survive all the way
down to the neutrino floor [70] — which for the mass range in question is of the order of 10−12
pb. As for saturating the relic density — allowing therefore that DM is fully explained within
the model — we now refer to Fig. 4 for clarity. In the figure we see that except for the DDP,
the other phases have points for which Ωch
2 = (Ωch
2)exp for all values above 125/2 GeV. The
DDP has a DM mass region between about 100 and 500 GeV where did not find any parameter
points that saturate the relic density and extra DM candidates are needed. This is in line with
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Figure 4: Fraction of the DM relic density as a function of the DM mass for the three DM phases. For the FDP,
we show the mass of the dark matter candidate that gives the largest contribution to the relic density.
previous results (see refs. [71–74]) where it was reported that for the Inert doublet Model, the
dark matter relic density cannot be saturated for DM masses between about 75 and 500 GeV.
5 The different phases at the LHC and future colliders
The different phases of the N2HDM lead to different phenomenology at the LHC and at future
colliders. There are obvious differences that would immediately exclude some of them. The
discovery of a charged Higgs boson would immediately exclude the DDP and the FDP. The
discovery of three extra neutral scalars in the visible sector would exclude all phases except the
broken phase. However, the best chances we have to probe the different phases are the 125 GeV
Higgs rates measurements and perhaps the search for an extra neutral scalar.
5.1 h125 coupling measurements
Let us start with the 125 GeV Higgs coupling measurements. All phases have an alignment
limit, that is, there is a set of values for which the h125 couplings to fermions and gauge bosons
are exactly the SM ones. Hence, in order to be able to distinguish between the phases we need a
decay with a new contribution from a coupling which does not exist the SM and originates from
the Higgs potential. Such is the case of the h125 → γγ decay, which has a contribution from
the h125H
+H− vertex. In Fig. 5 we present µγγ as a function of the charged Higgs mass for the
four N2HDM phases. In the BP and DSP phases, which are the ones with charged scalars in the
visible sector, the value of µγγ is always below 0.98 and for charged Higgs masses above 150 GeV
the value is about 0.9 or below. The reason for the low values of µγγ is due to setting m
2
12 = 0
(this is the soft breaking term that is usually included in the broken phase of the 2HDM and
in that of the N2HDM). In this limit, the contribution from the h125H
+H− vertex, close to the
alignment limit, is always negative, reducing the diphoton branching ratio of h125 relative to its
SM value. In the DDP and FDP the same vertex is proportional to the free parameter m222,
allowing for both negative and positive contributions. Therefore, the freedom in the coupling
16
0.8
0.9
1.0
1.1
BP
h125 H1
h125 H2
h125 H3
DDP
h125 H1
h125 H2
0 200 400 600 800 1000
mH ±  [GeV]
0.8
0.9
1.0
1.1
DSP
h125 H1
h125 H2
0 200 400 600 800 1000
mH ±D  [GeV]
FDP
Figure 5: µγγ as a function of the charged Higgs mass for the four N2HDM phases.
is lost due to m212 = 0 in the visible phases, while in the dark phases the free mass parameter
leads to a weaker constraint.
The presently measured value of κγ =
√
Γ(hNEW → γγ)/Γ(hSM → γγ) is 0.97 ± 0.07 (at
1σ) [75] while the HL-LHC 68% probability sensitivity to the same coupling modifier ranges
from ±0.023 to ±0.016 [76]. This means that if by the end of the LHC high luminosity run the
central value of the branching ratio of the Higgs boson to two photons is very close to the SM
value and taking into account the predicted errors it is likely that the BP and the DSP will be
excluded. The only possible exception is the light charged Higgs region which on the other hand
will also be much more constrained by the end of the high luminosity phase by direct searches
for charged Higgs bosons.
5.2 Search for new scalars
As previously discussed, there are some particularities that are specific to each model. The FDP
can only be distinguished from the SM through the amount of missing energy in collider dark
matter searches because it contains no new particles in the visible sector. Charged Higgs bosons
in the visible sector are only possible in the BP and in the DSP. In order to distinguish these
two phases one would need to look again into the amount of missing energy in searches for dark
matter events at colliders. A feature that all of the phases except the FDP have in common is
the existence of at least one additional, visible neutral scalar.
In Fig. 6 we show the production cross section for the non-SM like neutral Higgs with
subsequent decay to τ+τ− (left) and γγ (right). In the phases where we have more than one
visible scalar, we take all possibilities into account, that is, all CP-even scalars are considered.
The decay to τ+τ− is chosen because it represents the general behaviour of the decays to fermions
and the bb¯ final state is much harder to resolve due to the background. The most relevant features
of fermion final states are as follows. Below mh125/2 the BP accommodates the largest possible
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Figure 7: tanβ as a function of the mass of any of the neutral non-SM like Higgs bosons with the present
constraints (left) and taking the value of c(h125V V ) to be 1 within 10
−3 (right), for the BP and DSP. Again, φ
stands for any of the CP-even scalars in each phase, other than the 125 GeV one.
rates because decays of the Higgs to dark matter are not possible in this phase. Still, in the DDP
values of the cross section as large as 1 pb are still possible. On the other hand the DDP has less
freedom in the visible sector and therefore cross sections for masses above about 230 GeV are
already below 0.1 fb. Above mφ/2 the BP and DSP are almost indistinguishable because their
visible sectors are very similar to a 2HDM, a feature that is reinforced by the tight constraints
on the h125 couplings and existing constraints from Higgs searches.
On the right plot of Fig. 6 we can see the decays to γγ. In this case the DDP allows for
substantially larger cross sections than the other phases that can even go up to 1 pb for masses
below 100 GeV. Note that although the DDP has less freedom in the visible sector it has more
freedom in the dark sector and this is reflected in the couplings of the dark charged Higgs boson
to the visible scalars. This can not only lead to the previously discussed large effects in µγγ for
h125 but can also significantly enhance the pp → φ → γγ cross sections shown here. If such a
signal is seen with rates above 10−2 pb all phases except for the DDP would be excluded.
Let us finally comment on the behaviour of the model very close to the alignment limit.
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As shown in Ref. [77], the 2HDM with an exact Z(1)2 symmetry, and in the alignment limit
where sin(β − α) = 1 (or more generally c(h125V V ) = 1), always has a value of tanβ . 6. In
that reference they conclude that the limit arises from a combination of theoretical constraints
together with taking the alignment limit. The left panel of Fig. 7 shows, for the BP and the
DSP, tanβ as a function of the mass of any of the CP-even, neutral scalars other than h125,
with all present experimental and theoretical constraints taken into account (note that there is
no tanβ in the DDP). The right panel is the same plot as the one on the left with the extra
constraint of forcing c(h125V V ) to be within 10
−3 of the value 1. Hence, although we have more
freedom in our model because we have an extra singlet field, Fig. 7 shows that the allowed value
of tanβ is reduced as we approach the alignment limit. This has important consequences to
corner the model using all experimental data. As an example, the experimental searches for
charged Higgs bosons include the vertex tbH± which, in Yukawa sectors of Type I, is always
proportional to 1/ tanβ. Therefore, it will be very hard to access even the light charged Higgs
for very large values of tanβ. However, with the restriction from the right plot of Fig. 7, moving
close to alignment reduces the allowed value of tanβ. Hence, if tanβ is not too large it is more
likely that the charged Higgs production cross section will be within experimental reach. The
more constraints we can find from other sources the closer we will be to exclude a given phase.
6 Conclusions
In this work we have studied the four phases of the N2HDM — three of which have dark matter
candidates. For the phases to be comparable, we have considered Yukawa sectors of type I and
set m212 = 0. The absence of this term makes the scalar potential correspond to an Inert Doublet
Model extended by a real singlet field. The different phases have the same scalar potential and
degrees of freedom but the fields in the dark sector vary from the FDP where all the extra
degrees of freedom are in dark sector to the BP which has no dark matter candidate. The
analysis of the vacuum structure of the four phases has shown an interesting behaviour of the
possible neutral minima. We have shown that if a minimum in the BP or FDP exists, it is the
global minimum of the theory. In that case all other stationary points of different phases lie
above it and are saddle points. However, the same is not true for minima in the DDP and DSP
- they can coexist in the potential, and neither is guaranteed to be deeper than the other.
Our main goal was to understand if the different phases could be probed and distinguished
by combining the available experimental data and the one from future searches at colliders
with that from dark matter experiments. We have generated samples of points for each phase
which take into account the most up-to-date experimental data and also all relevant theoretical
constraints. From the dark matter point of view, and in particular the direct detection bounds,
all phases have valid points all the way to the neutrino floor. Hence, future direct detection
experiments will not play a major role in constraining the parameter space of the model. As for
dark matter relic density, all except the Dark Doublet Phase, have candidates for dark matter
that saturate the relic density for a large range of dark masses. The DDP behaves very much like
the Inert Doublet Model where, as previously discussed, the relic density cannot be saturated
for dark matter masses between about 100 GeV and 500 GeV. We have then looked for the effect
of the Higgs coupling measurements and for the search for new particles at the LHC. Our main
conclusions on what can we learn from the LHC are as follows:
• Finding a charged Higgs would single out the BP and DSP, while the discovery of any new
neutral scalar would exclude the FDP.
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• Visible and dark sector charged Higgs bosons have very different impacts on the decays of
the neutral scalars into γγ. Visible H± always suppress µγγ compared to the SM, while
dark H±D have more freedom in their couplings and could enhance or suppress the rate.
As a result, a measurement of µγγ at the end of the HL-LHC or future collider could very
well exclude the BP and the DSP.
• In case a new scalar is found there are regions of parameter space where the 3 phases, BP,
DDP and DSP could be distinguished in the decay to τ+τ−. Due to the dark charged
Higgs, the DDP can predict very large rates for a new scalar decaying into γγ and may be
probed there.
• If nothing is discovered and the 125 GeV Higgs couplings are very close to the SM values,
the FDP will always remain a possibility.
A Dark Doublet Phase
In this section, we present for the DDP the relation between the Lagrangian parameters and the
physical parameters. First, the physical masses can be written as
m2H1 = v
2 cos2 αλ1 + v
2
s sin
2 αλ6 + 2vvs sinα cosαλ7 , (60a)
m2H2 = v
2 sin2 αλ1 + v
2
s cos
2 αλ6 − 2vvs sinα cosαλ7 , (60b)
m2HD =
1
2
(2m222 + v
2(λ3 + λ4 + λ5) + v
2
sλ8) , (60c)
m2AD =
1
2
(2m222 + v
2(λ3 + λ4 − λ5) + v2sλ8) , (60d)
m2
H±D
=
1
2
(2m222 + v
2λ3 + v
2
sλ8) , (60e)
which leads to the following relations between the parameters
λ1 =
1
v2
(∑
i
m2HiR2i1
)
, (61a)
λ3 =
1
v2
(
2
(
m2
H±D
−m222
)
− v2s λ8
)
, (61b)
λ4 =
1
v2
(
m2AD +m
2
HD
− 2m2H±
)
, (61c)
λ5 =
1
v2
(
m2HD −m2AD
)
, (61d)
λ6 =
1
v2s
(∑
i
m2HiR2i3
)
, (61e)
λ7 =
1
vvs
(∑
i
m2HiRi1Ri3
)
, (61f)
where Rij is the i, j element of the mixing matrix in Eq. (22). The parameters m222, λ2 and λ8
cannot be expressed through physical parameters and thus remain independent parameters in
the physical parameter set of the DDP.
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A.1 Triple-Higgs Couplings
The triple-Higgs couplings g(XiXjXk) in the DDP are defined as,
g(XiXjXk) =
∂3L
∂Xi∂Xj∂Xk
, (62)
with Xi/j/k ∈
{
H1, H2, HD, AD, H
±
D
}
. All couplings with an odd number of dark Higgs bosons
vanish due to the conserved dark parity. The non-zero triple-Higgs couplings are the following,
where the indices i, j can only be {1, 2} and denote the visible CP-even Higgs bosons H1 or H2,
respectively:
g(HiHiHi) = 3λ1 vR3i1 + 3λ6 vsR3i3
+ 3λ7
(
vRi1R2i3 + vsRi3R2i1
)
,
(63)
g(HiHjHj) = 3λ1 vRi1R2j1 + 3λ6 vsRi3R2j3
+ λ7
[
v
(Ri1R2j3 + 2Ri3Rj1Rj3)
+vs
(Ri3R2j1 + 2Ri1Rj1Rj3)] ,
(64)
g(HiHDHD) =
2
v
(
m2HD −m222
)Ri1 + λ8 vs
v
(vRi3 − vsRi1) , (65)
g(HiH
+
DH
−
D) =
2
v
(
m2
H±D
−m222
)
Ri1 + λ8 vs
v
(vRi3 − vsRi1) , (66)
g(HiADAD) =
2
v
(
m2AD −m222
)Ri1 + λ8 vs
v
(vRi3 − vsRi1) . (67)
B Dark Singlet Phase
In this section, we present for the DSP the formulae for the masses and the relation between
the gauge basis and the physical basis. The expressions for the masses are
m2H1 =
m212
v1v2
(v1 cosα+ v2 sinα)
2 (68a)
+ λ1v
2
1 cos
2 α+ λ2v
2
2 sin
2 α− 2λ345v1v2 cosα sinα ,
m2H2 =
m212
v1v2
(v1 sinα− v2 cosα)2 (68b)
+ λ1v
2
1 cos
2 α+ λ2v
2
2 sin
2 α+ 2λ345v1v2 cosα sinα ,
m2HD =
1
2
(2m2s + v
2
1λ7 + v
2
2λ8) , (68c)
m2A = −v2λ5 +
m212
sβcβ
, (68d)
m2H± = −
1
2
v2(λ4 + λ5) +
m212
sβcβ
. (68e)
The relations between the two sets of parameters are
m2S = −
1
2
(
v21λ7 + v
2
2λ8 − 2mHD
)
, (69a)
λ1 =
1
v2c2β
[(∑
i
m2HiR2i1
)
−m212
sβ
cβ
]
, (69b)
21
λ2 =
1
v2s2β
[(∑
i
m2HiR2i2
)
−m212
cβ
sβ
]
, (69c)
λ3 =
1
v2cβsβ
[(∑
i
m2HiRi1Ri2
)
−m212
]
+
2
v2
m2H± , (69d)
λ4 =
1
v2
(
m2A − 2m2H±
)
+
1
v2cβsβ
m212 , (69e)
λ5 = − 1
v2
m2A +
1
v2cβsβ
m212 , (69f)
where Rij is the i, j element of the mixing matrix in Eq. (32). The parameters λ6, λ7 and λ8
cannot be expressed through physical parameters and thus remain independent parameters in
the physical parameter set of the DSP.
B.1 Triple-Higgs Couplings
We now present the triple-Higgs couplings g(XiXjXk) in the DSP. The definition of the coupling
g(XiXjXk) is given in Eq. (62) with Xi/j/k ∈ {H1, H2, HD, A,H±}. All couplings with an odd
number of HD vanish due to the conserved dark parity. The non-zero triple-Higgs couplings —
with i, j again reserved for the visible sector Higgs bosons — are
g(HiHiHi) = 3v
[
cβ
(R3i1λ1 +Ri1R2i2λ345)+ sβ (R3i2λ2 +Ri2R2i1λ345)] , (70)
g(HiHjHj) = v
[
cβ
(
3Ri1R2j1λ1 + (3Ri2Rj1Rj2 +Ri1)λ345
)
+ vsβ
(
3Ri2R2j2λ2 + (3Ri1Rj1Rj2 +Ri2)λ345
) ]
,
(71)
g(HiAA) = v
[
cβ
(
cβsβRi2 (λ2 − 2λ5) + c2βRi1λ34−5
)
+ sβ
(
cβsβRi2 (λ1 − 2λ5) + s2βRi2λ34−5
) ]
,
(72)
g(HiH
+H−) = v
[
cβ
(
s2βRi1λ1 + c2βRi1λ3 − cβsβRi2 (λ4 + λ5)
)
+ sβ
(
c2βRi2λ2 + s2βRi2λ3 − cβsβRi1 (λ4 + λ5)
) ]
,
(73)
g(HiHDHD) = v [cβRi,1λ7 + sβRi,2λ8] . (74)
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